The spatial extent and temporal decay of copepod-generated hydrodynamic disturbances during cruise and escape behavior were examined using the particle image velocimetry technique combined with theoretical models. Our study compared results for two species in the genus Euchaeta: the larger E. elongata living in colder water of higher viscosity versus the smaller E. rimana living in warmer water of lower viscosity. We expected that body size and viscosity would work in opposite directions in shaping the spatial and temporal properties of the hydrodynamic disturbances generated by these two copepod species. We found that the spatial extent of the copepod-induced hydrodynamic signal in front of the copepods during cruising was equivalent, with the peak strength of the signal to preferred prey showing no significant difference. In contrast, the spatial extent and strength of the hydrodynamic disturbance during escape were larger for E. elongata, although the decay time of the flow disturbance to a threshold value was equivalent between the species. Importantly, the observation of vortex rings during escape for Euchaeta strongly supports the appropriateness of the impulsive stresslet model over the impulsive Stokeslet model. Moreover, our empirical data discount the validity of using a sphere in creeping flow to model copepod -fluid interactions. Rather, these results suggest a complicated interaction of fluid viscosity, body size, and swimming speed for the genus Euchaeta that partially explains the adaptations to the local environmental conditions.
Introduction
[1] Viscous forces are considered to have strong effects on the hydrodynamics of biologically generated flow of small aquatic organisms that live at intermediate Reynolds number (i.e., 1 , Re , 1000; Re ¼ Ul/n, where U is swimming velocity, l is a measure of length, and n is kinematic viscosity) (e.g., Vogel 1994; Naganuma 1996) . This is likely the case for the flow disturbances caused by copepods, which are aquatic crustaceans that vary in size from 1 to 10 mm, swim at speeds of 1 -10 body lengths s , and exhibit accelerations . 3 g (Yen 2000) . Copepods are abundant in the world's oceans and a key link in the aquatic food web primarily as food for fish and as consumers of primary production (Miller 2004) . For example, species in the genus Euchaeta rely on the sensory modality of mechanoreception to detect and interact with prey, and they are the majority of biomass in many planktonic communities at different latitudes (Damkaer 1964; McGowan and Walker 1979) . As predators of other copepods (Yen 1983 (Yen , 1988 (Yen , 1991 , it is advantageous for Euchaeta species to minimize the flow disturbance generated by their motion in order to be less conspicuous to prey species. Conversely, their ability to use escape behaviors ) is important because Euchaeta are preyed on by fish (Batty et al. 1990; Kinzer et al. 1993) , sea birds (Bocher et al. 2002) , and arrow worms (Kruse et al. 2010) .
[2] The hydrodynamic disturbances generated by copepods vary depending on fluid properties, copepod morphology, and copepod behavior (Bundy and Paffenhöfer 1996; Visser 2001; Jiang et al. 2002a) . Flow disturbance of cruising and escaping copepods has been examined experimentally (Tiselius and Jonsson 1990; Malkiel et al. 2003; Kiørboe et al. 2010) , numerically (Jiang et al. 2002a (Jiang et al. , 2002b Jiang and Kiørboe 2011b) , and analytically Kiørboe et al. 2010; Jiang and Kiørboe 2011a) . Previous experimental studies of escape behaviors focused on small copepods (prosome length , 1 mm) (Kiørboe et al. 2010; Jiang and Kiørboe 2011b) . Of the aforementioned properties, viscosity is inversely related to water temperature. This suggests that there may be a relationship between copepod species found at high latitude and those found at warmer subtropical waters (i.e., where viscosity is decreased by a factor of 1.5). Euchaeta species at higher latitudes are approximately twice the size of those in lower subtropical latitudes, exemplifying polar gigantism noted in many aquatic organisms (Chapelle and Peck 1999) . Larger organisms are expected to swim faster, yet propulsion at intermediate Re values is also strongly affected by viscous forces. The potential effect of viscosity on temperate versus subtropical species remains to be examined.
[3] Given the unique balance of inertial and viscous forces that occur in the intermediate Re regime, it would be reasonable to examine how size, speed, and viscosity affect biologically generated flows of copepods. Specifically, in this study we examined the flow fields generated by Euchaeta elongata (,0.4 cm prosome length; temperate species) and E. rimana (,0.25 cm prosome length; subtropical species) during cruise and escape behaviors to determine (1) how the structure of the feeding current differs as a function of viscosity (e.g., Fields and Weissburg 2005) , (2) if increased viscosity reduces the spatial extent of a fluid disturbance and hence the conspicuousness of the predatory copepod to its rheotactic prey, and (3) how viscosity affects the strength, spatial extent, and decay time of the hydrodynamic disturbance during escape events. It is not unreasonable to expect a compromise of body size, fluid viscosity, and swimming speed, such that the hydrodynamic disturbances of the two species in their native environments yield similar characteristics. The results of this analysis will help explain, in part, the adaptation that each species has made to the local environment.
Methods

Animal Collection and Handling
[4] E. elongata specimens were collected on a cruise off the coast of Seattle, WA, USA in May 2007. The animals were shipped overnight to the Georgia Institute of Technology in Atlanta, GA, USA. Adult specimens were sorted and stored in 19-L containers of 30 g L -1 aerated, artificial seawater at 12 8C in a dark environmental chamber. Flow fields for free-swimming E. elongata specimens were obtained within 5 days of collection by using artificial seawater (30 g L -1
) at 8 8C (kinematic viscosity n ¼ 1.44 · 10 -6 m 2 s -1
). E. rimana specimens were collected off the coasts of Hawaii and Oahu islands, HI, USA in June 2007. The specimens were sorted and kept in 19-L containers at the Natural Energy Laboratory of Hawai'i Authority in Kailua-Kona, HI, USA at room temperature (20-23 8C) for less than a week. Flow field data were obtained using filtered seawater (35 g L -1 )
).
[5] The experimental chamber consisted of a clear glass tank (6 cm · 6 cm · 15 cm depth), used alone for E. rimana or placed within a foam-encased larger tank (15 cm · 15 cm · 15 cm) where a recirculating water bath system of chilled water (8 8C) was passed through a Fisher Scientific chiller for E. elongata. The population of copepods was , 15 individuals within the experimental chamber. Specimens were allowed to swim freely and naturally in the chamber. On occasion, the escape behavior was initiated by introducing green laser light into the experimental chamber.
Velocity Data Collection
[6] The flow fields were collected with an infrared, planar particle image velocimetry (PIV) system, which consists of an infrared laser, two cameras, and an image acquisition system. The principle of PIV is to track the displacement of very small tracer particles via laser sheet illumination and digital imaging in order to measure the spatial distribution of velocity vectors (Raffel et al. 1998 ). The experimental chamber was seeded with titanium dioxide particles (diameter ,5 mm; density ¼ 4230 kg m -3
), which were illuminated by a pulsed infrared laser at a wavelength of 808 nm (Oxford HSI-0500, Oxford Laser Inc., USA); 808 nm does not appear to alter zooplankton swimming behavior (Catton et al. 2007 ). During these experiments, the laser sheet thickness was 0.725 mm, the imaging region was uniformly illuminated, and the time delay between pulses of the laser ranged between 6 and 9 ms depending on the trial. A digital camera (VDS Vosskühler CMC-1300, VDS Vosskühler GmbH, Germany; 1024 · 1280 pixels), which captured the images at a frame rate of 50 Hz, triggered the laser such that each laser pulse was captured on a different digital image, and the time difference between an image pair was equal to the time delay of the laser pulses (i.e., frame straddling). Hence, image pairs were collected at a frequency of 25 Hz. A second camera (Pulnix TM-745i, JAI Inc., USA) was placed perpendicular to the VDS Vosskühler camera to visualize the copepods' location in the experimental chamber. Flow field data were collected when only one copepod was present in the laser sheet.
[7] The particle displacement was determined using 32 · 32 pixel interrogation subwindows with 50% overlap. A cross-correlation function was calculated between the corresponding subwindows in each image pair. The peak of the cross-correlation function was determined to subpixel accuracy by using a Gaussian fit, and the average particle displacement was determined by calculating the location of the peak relative to the center of the subwindow. The velocity field was obtained by dividing the average displacement of the particles by the time delay between images (i.e., the time delay of the laser pulses). Once the entire velocity field was computed, individual velocity vectors were validated by comparison to the median velocity of a 3 · 3 grid of neighboring points. Vectors outside of an acceptable range were replaced by spatially interpolated value (Westerweel 1994; Nogueira et al. 1997) . The percentage of vectors that were replaced during the filtering process ranged between 0.5% and 3%. All data are presented in a laboratory frame of reference. The origin of the Cartesian grid for cruising copepods was located at the head of the copepod, so the x axis increased along the prosome of the copepod, the y axis increased along the antennae, and the z axis increased from the center of the head toward the dorsal side of the copepod (see sketch in Catton et al. 2007 ). Because copepods rapidly change directions during escapes, an arbitrary Cartesian grid was chosen so the x axis was aligned parallel with the top and bottom of the tank and the y axis was aligned with the vertical sides of the tank (i.e., parallel to the gravity vector).
Hydrodynamic Signal of Euchaeta to Prey
[8] determined that velocity differences within a flow field are the cue that triggers a response in copepod prey. The quantification of a flow field requires the assignment of a coordinate system to calculate the spatial gradients of velocity (e.g., linear and shear deformation rates). However, copepods are not necessarily aligned with the coordinate system when sensing fluid disturbances. Thus, the maximum deformation rate (E max ) has been used to determine the spatial extent of the hydrodynamic disturbance independent of the orientation of the copepod ). The maximum deformation rate was calculated by finding the eigenvalues of the deformation rate tensor (i.e., strain rate tensor) 
where u and v are the velocity components in the x and y directions, respectively. The eigenvalues (l k ) were determined by
where det refers to the determinant of the tensor, and d ij is the Kronecker delta tensor. The maximum deformation rate is the maximum absolute value of the principal axes of the deformation rate tensor
[9] The hydrodynamic cue to prey is the product of the linear dimension of the prey and the maximum deformation of the hydrodynamic disturbance . Preferred prey sizes are 1000 mm for E. elongata (Yen 1985) , and 500 mm for E. rimana (J. Yen, unpubl.) . These preferred prey sizes, combined with the deformation rate fields for each species, provide an indication of the strength and spatial extent of the hydrodynamic cue. A threshold velocity (U t ) of 0.02 cm s -1 was used , as was a threshold E max of 0.4 s -1 because it is roughly the lowest value that initiated a consistent escape response in copepod prey of Euchaeta (Yen and Fields 1992; Fields and Yen 1997; ).
Determining Re [10] Swimming speed data were obtained from the same image files as the flow field measurements. Copepod velocity was calculated by measuring the displacement between images of a fixed point on the copepod. The average of five measurements was used for cruising copepods, but only one measurement was obtained for copepod escape events due to the short residence time of the copepod in the field of view. To calculate the length measurement for Re, the prosome length was measured from the base of the antennae to the base of the tail.
Impulsive Stresslet Model Analysis
[11] Copepod escapes have been previously modeled using an impulsive stresslet approach (Jiang and Kiørboe 2011a) . For each observed escape event, the circulation (G) of the vortex core was calculated by spatially integrating the vorticity (v) over the appropriate area of the PIV field
where the area (A) corresponds to the quarter plane adjacent to the copepod (i.e., defined relative to the copepod location and the orientation of the copepod body axis). Stresslet strength was calculated by fitting a regression line to the measured circulation over a series of time points in the decaying portion of the flow disturbance
where the time origin corresponds to the initiation time of the impulsive stresslet, and M is the strength of the impulsive stresslet. The spatial (area) extent of the hydrodynamic disturbance can be calculated based on the impulsive stresslet flow field as (Jiang and Kiørboe 2011a)
The decay time to achieve subthreshold velocity is (Jiang and Kiørboe 2011a)
Statistical Analysis
[12] The strength and spatial extent of the hydrodynamic disturbance during cruise behavior were compared between E. rimana and E. elongata by using two-sample t-tests with unequal variance analysis (a ¼ 0.05). The strength, spatial extent, and decay time of the hydrodynamic disturbance during escape events were also compared using two-sample t-tests with unequal variance analysis. A multivariate analysis of variance ( p , 0.05) was used for comparing kinematics variables between the species (Timm 2002) . Post hoc univariate t-tests were performed to identify the statistically significant variables ( p , 0.05). To reduce the chance of type II errors, an equivalence test (two one-sided tests) was performed that assumed no more than a 30% deviation from the mean (a ¼ 0.1) (Hoenig and Heisey 2001) . Equivalence tests are used to determine if a difference between two populations is negligible given a practical threshold difference that is reasonable based on the study. If both t-tests have p-values . 0.1, then the variables are considered equivalent (Gacula et al. 2008) , and practical differences can range from 25% to 43% from the mean (Berger and Hsu 1996) . Thus, for this study, variables that are significant in the equivalence test have 90% probability that the difference in the mean between two samples is ,30%.
Results
[13] E. elongata is a temperate copepod species that is roughly 1.7 times larger than its subtropical congener E. rimana based on prosome length (Tables 1 and 2 ). The average swimming speed and Re were not significantly different between species during cruising (Table 1) or during escape events (Table 2) .
Flow Fields during Cruise Behavior
[14] The velocity fields generated by cruising Euchaeta in the side view (Fig. 1A,B ) and the dorsoventral view (Fig. 1C,D) were characterized by fluid converging from the area in front of the head to the swimming appendages along the anterior of the copepod. The fluid was expelled nearly symmetrically on both sides (dorsoventral view) and primarily to the anterior side of the copepod. There was a smooth velocity field typical of moving objects at low Re.
[15] The fluid disturbance was characterized by large E max values near the swimming appendages on the anterior side of the body ( Fig. 2A,B) . The fluid disturbance extended farther to the sides (,3-5 mm) Table 1 Hydrodynamic characteristics of the cruise behavior of Euchaeta copepods examined using particle image velocimetry. Results are presented as mean -standard error (95% confidence interval). N is the sample size, and E max is the maximum deformation rate (defined in Eq. 3). An asterisk ( * ) indicates a statistically significant difference between species. The § symbol denotes variables that are shown to be statistically similar when using a 30% equivalence test ( p , 0.1). and rear (,3-8 mm) of the copepod than to the front of the copepod (,1 -2 mm) ( Fig. 2A,B) . The hydrodynamic signal to preferred prey (E max · preferred prey size) was similar qualitatively (Fig. 2C,D) . Both the peak values of E max and the signal to prey did not differ significantly, nor did they have equivalence (Table 1) . However, the maximum distance for the threshold of E max . 0.4 s -1 was significantly different between species, whereas the maximum distance for signal to preferred prey above threshold reveals equivalence (Table 1) .
Flow Fields during Escape Behavior
[16] Escape behavior was initiated by the contraction of the first antennae and urosome, followed by simultaneous extension of the swimming legs and urosome that created an impulsive hydrodynamic disturbance (Figs. 3 and 4) . The flow field immediately after the escape contained two counterrotating viscous vortex rings (Fig. 5 for E. rimana), which is consistent with previous measurements of the flow field for a repositioning jump (Kiørboe et al. 2010 ). The body vortex was also observed in the induced flow field for E. elongata (Fig. 3 , t ¼ 0.0 s); however, the wake vortex was not observed because the copepod was located at the edge of the measurement region. The data were consistent with an analytical model for the impulsive stresslet using the circulation data from the PIV data (Eq. 5, Fig. 6 ). The maximum circulation tended to be larger for E. elongata (Table 2 ), but the stresslet strength was more than two times greater for E. elongata (Table 3) . Further, the spatial area surrounding the copepod that exceeded the threshold velocity (U t ¼ 0.1 cm s -1 ) was significantly larger for E. elongata compared with E. rimana (Table 3 ). In contrast, the decay time to reach the threshold velocity value was equivalent between species (Table 3) .
Discussion
Flow Fields during Cruise Behavior
[17] The spatial extent of the fluid disturbance directly in front of the copepod provides greater insight into predator -prey interactions than does the flow disturbance along the other parts of the copepod. Specifically, prey are preferentially attacked within one body length of E. rimana individuals, with more attacks clustered around the longest setae at the proximal section (near the head) and distal tips (Doall et al. 2002) . The velocity field in front of the first antennae for E. rimana has a peak value of 4 mm s -1 at the center of the copepod head, and the velocity decreases toward the distal tip, where the longest setae are located (Fig. 1B,D) . These flow characteristics are similar to observations obtained for E. rimana via particle tracking around a tethered (Lenz and Yen 1993; Yen and Strickler 1996) and freeswimming copepod.
[18] The peak E max values in front of cruising E. rimana and E. elongata averaged 3.8 -0.7 s -1 and 2.3 -0.6 s -1
, respectively (Table 1) . These high values were typically localized and were observed within 1-2 mm of the copepod body. They are similar to the threshold values for copepod behavioral responses , and 0.38 -12 s -1 Buskey et al. 2002; Burdick et al. 2007) for Euchaeta prey, including Oithonia, Calanus, and Acartia species (Yen 1985) , respectively.
[19] The influence of prey size is relevant here because the preferred prey size of E. rimana (J. Yen, unpubl.) is roughly half that of E. elongata (Yen 1985) . Despite this observation, the peak value of the signal to preferred prey is not statistically different between E. rimana and E. elongata, and the distance that the signal to preferred prey extends in front of the copepod is equivalent between species (Table 1) . The modest extent of the flow disturbance in front of Euchaeta individuals may explain their capture success and is consistent with the double shear layer described by Strickler (1982) . The equivalence of the extent of the hydrodynamic cue to preferred prey size in front of the copepod supports the hypothesis that the compromise of body size, fluid viscosity, and swimming speed leads to a similar spatial extent of the hydrodynamic signal to prey for E. rimana and E. elongata in their native environments.
[20] We applied the analytical solution of a sphere in creeping flow (Re ! 1) used to model the copepod flow field by to these results. From this solution, the maximum distance that the hydrodynamic disturbance (E max . 0.4 s -1 ) in front of the modeled copepod was predicted to be larger for E. elongata (5.7 mm) than for E. rimana (4.2 mm). In both cases, the analytical solution was an overestimate of the measured disturbance (Table 1) because it did not account for the differences in behavior, body morphology, and Re. Compared to creeping flow around a sphere, E. rimana and E. elongata appear to reduce the fluid disturbance in front of the copepod along the antennae and setae, presumably by entraining water with the motion of their cephalic appendages, to reduce their hydrodynamic conspicuousness during predatory cruising. This observation also highlights differences between the intermediate Re regime, where inertial and viscous effects compete, and the creeping flow regime, in which the viscous effects dominate.
Flow Fields during Escape Behavior
[21] The characterization of the copepod escape is important to understanding the rapid propulsion capabilities in these environments. We used the impulsive stresslet model in this study for several reasons. Jiang and Kiørboe (2011b) state that the impulsive stresslet model is appropriate for repositioning jumps, whereas the impulsive Stokeslet model is better for an escape jump event consisting of multiple powerful jumps. The escape jump events captured in this study consisted of a single (or rarely two) powerful jump. The measured flow fields during these events appear to be consistent with the structure of the impulsive stresslet model, specifically including both a wake vortex and a body vortex (Fig. 5) . Further, the derived parameters of the impulsive stresslet model (e.g., area exceeding threshold velocity and decay time to threshold velocity) show better agreement with those derived from the PIV data (i.e., better than the comparison for the impulsive Stokeslet model).
[22] Viscous vortices were seen in flow fields immediately after initiation of the jump (Fig. 5) but were not easily identified in the flow fields at later times (Figs. 3 and 4) . The escapes in this study occurred at higher Re values (Re ¼ 680-890) than did the Acartia tonsa escapes (Re ¼ 55-397) captured by Kiørboe et al. (2010) . The higher Re regime suggests less smoothlyvarying conditions, which is consistent with difficulty in identifying clear vortical structures. The strength of the stresslet (M in Table 3 ) was one to two orders of magnitude greater than the values reported by Jiang and Kiørboe (2011a) (i.e., 2.7 -66.4 mm 5 s -1 for the smaller copepod A. tonsa during repositioning jumps).
[23] The impulsive stresslet model also provides insight into the effects of size and viscosity during escapes. The strength of the stresslet (M) was larger for the larger copepod, E. elongata (Table 3 ). The trend is consistent with expectations because the strength of the stresslet depends directly on the size (i.e., volume) of the copepod (Jiang and Kiørboe 2011a) . The maximum circulation was also larger for E. elongata, although the difference was not statistically significantly (Table 2) . Since the spatial extent of the hydrodynamic disturbance depends only on the strength of the stresslet and threshold velocity (Eq. 6), the value is greater for E. elongata (Table 3) . Fields and Weissburg (2005) theorized that an increase in viscosity would decrease the flow field disturbance. However, during escapes the size of the organism mediates the spatial extent of the hydrodynamic disturbance, and effects of viscosity were less apparent.
[24] The decay time after escape to achieve U t based on the impulsive stresslet model was equivalent between species (Table 3) , which indicates that viscosity plays an important mediating role. The dependence of the decay time on fluid viscosity is seen explicitly in Eq. 7 (i.e., greater viscosity yields shorter time to reach U t ). The fluid viscosity does not directly influence the spatial extent of the flow disturbance during escape events; rather, it directly affects the time period of the disturbance. In other words, the strength and spatial extent of the hydrodynamic disturbance during escape events differ for E. elongata and E. rimana, whereas the decay time period is equivalent.
Significance to Aquatic Environments
[25] Copepods, such as the large predator Euchaeta, live in an intermediate Re regime that consists of an environment at the interface of viscous-and inertia-dominated realms. Hence, examination of the flow disturbances created during cruise and escape behaviors provides insight into the method and consequences of propulsion in this unique flow environment. Euchaeta species provide a natural experiment to study adaptation to fluid property variation between habitats. Here, variation in body size, swimming and escape speeds, or viscosity alters the constraints of the physical flow environment from small Re values, where viscous forces are dominant, to larger Re values, where inertial forces are more dominant. The organism size and the fluid environment have direct consequences on the hydrodynamic disturbance. These data reveal an intriguing interplay between morphology and the fluid environment that alters planktonic interactions in a complex manner.
[26] In this study, we examined whether viscosity could explain the increase in size of high-latitude organisms. We selected congeneric copepods that have evolved in and adapted to their particular local environment in order to eliminate, through metabolic compensation (Somero 2004) , the strong effect of temperature. In other words, even though the temperate copepod is living at a temperature that is 15 8C lower compared with its subtropical congener, it does not metabolize three times more slowly, as might be expected when using an average temperature coefficient (Q 10 ) of 2 for biological reactions. Cruise swimming speeds were not significantly different (Table 1) , which suggests that metabolic rates have been compensated and that we have an opportunity to examine the patterns in the effects of viscous forces on the interaction of the copepod with its fluid environment. Most notably, despite the 1.7 factor difference in size of the congeneric copepods, hydrodynamic disturbance has several similarities: the spatial extent (in front of the copepod) of the hydrodynamic signal to preferred prey during cruise behavior Table 3 Hydrodynamic characteristics of the escape behavior of Euchaeta copepods examined using the impulsive stresslet model. Results are presented as mean -standard error (95% confidence interval). Using Eq. 4, the stresslet strength (M) is based on a fit to the decay of circulation measured using particle image velocimetry (Eq. 5, Fig. 6 ), the area exceeding the velocity threshold is calculated via Eq. 6, and the decay time is calculated via Eq. 7. The threshold velocity, U t , was assumed to be 0.1 cm s -1 . An asterisk ( * ) indicates a statistically significant difference between species. The § symbol denotes variables that are shown to be statistically similar when using a 30% equivalence test ( p , 0.1). is equivalent for E. rimana (subtropical species) and E. elongata (temperate species), and during escape events the time period for decay of the disturbance is equivalent for each species (whereas the strength and spatial extent of the hydrodynamic disturbance are greater for E. elongata). Further, during cruising behavior the peak value of maximum deformation rate and the peak value of the signal to prey were not significantly different between species. These results show how variations in the local environment conditions, particularly fluid viscosity, affect copepod-fluid interactions and that equivalent conspicuousness may occur despite organism size variation across latitudes.
